Molecularly thin lubricant films are used for the lubrication of head disk interfaces in hard disk drives. The film thickness is reduced to 1-2 nm to minimize the magnetic spacing, and optimal, precise design is required to obtain sufficient lubrication. However, until now, there was no generally applicable method for investigating such thin films. Therefore, we developed a highly sensitive shear force measuring method and have applied it to the viscoelastic measurement of lubricant films coated on magnetic disk surfaces. In this paper, we review the method and summarize the useful findings we have demonstrated so far.
Introduction
High-recoding-density hard disk drives (HDDs) require the magnetic spacing to be as small as possible. Lubrication of the head disk interface (HDI) is achieved by a diamondlike carbon (DLC) overcoat on the magnetic layer and a liquid lubricant film on the DLC surface. Thus, the thicknesses of both these thin films must be minimized to reduce the magnetic spacing. Liquid lubricant films are typically 1-2 nm thick, which corresponds to a monolayer thickness. In addition, the magnetic head comes closer to the surface of liquid lubricant film and recently its gap was around 1 nm. A further increase in the recording density of HDDs will require the head to be in contact with the lubricant film surface. Although air bearing still plays an important role in maintaining the flying height, the lubrication regime between the head and disk changes from hydrodynamic to boundary lubrication. To guarantee HDD performance, effective design of the lubricant film becomes a crucial requirement. However, until recently there was no generally applicable method for characterizing the mechanical properties of such a thin film. A surface force apparatus (SFA) is a pioneering method that can measure the viscoelastic properties of a molecularly thin liquid film confined in two mica surfaces under shearing motion, and experiments using the SFA have revealed the thin films have unique mechanical properties different from those in the bulk state, such as an enhanced viscosity and prolonged retardation time [1] [2] [3] . Understanding physical properties of molecularly thin liquid films is one of the important subjects not only in the HDI tribology but also in the field of soft condensed matter. Such a thin film is considered as one type of confinement. The confinement has various types such as liquids in porous media, and water in a cell, polymer blends, and so on [4] . The measurement methods typically used are dielectric spectroscopy, neutron scattering, NMR, differential scanning calorimetry, ellipsometry, and so on [4] [5] [6] [7] . Jackson and McKenna observed large decrease of glass transition temperature T g with liquids confined in nanometer size pores by using colorimetric measurements [8, 9] . This result means the mobility of confined liquids can increase. Similar results were obtained not only with liquids in pores but also with thin liquid films [10] [11] [12] [13] . The thin films include free standing films and those coated on substrates. However, to the contrary, increase of T g or no effect on T g were also observed with similar confined systems [14] [15] [16] [17] [18] [19] . These controversial and contradictory results are due to complexity of the phenomena and wide variety of the measurement methods and the universal explanation has not been made. He et al. described through solvation dynamics experiments that whether T g increase or decrease depends 2 Advances in Tribology on the condition of confining surface, which is "soft" or "hard" [20] . In the case of soft surface, T g decreased. The hard surface suppressed the molecular mobility and it led to the T g increase. Based on the experimental results obtained by using the fluorescence probes, Torkelson's group reported that thin films coated on substrates had T g gradient from the free surface to the substrate [21] . The molecular mobility decreased as the substrate was approached, which led to the T g increase. In the case of liquid lubricant films used in HDI, they are confined in two solid substrates during shearing. The same type of confinement was realized in the SFA and the experimental results indicated the decrease of molecular mobility, which corresponds to the T g increase. However, the solid substrates that confine the liquid film are limited to mica in the SFA measurements. In addition, dynamic measurements are limited to frequencies below 100 Hz. Many of the experimental results in previous studies show that the lubrication characteristics of the magnetic disk surface depend largely on the interaction between the DLC surface and the lubricant molecules [22, 23] . Therefore, the liquid lubricant films used for the HDI lubrication must be characterized on the DLC surface. Additionally, since the relative speeds between the head and disk are quite high, highly dynamic measurements are preferred. To measure the dynamic viscoelastic properties of molecularly thin lubricant films on the magnetic disk surface, we developed a highly sensitive shear force measuring method. We call the method the fiber wobbling method (FWM) [24] . In this paper, we review our previous research concerning the FWM and introduce our major results including some new findings.
Fiber Wobbling Method
2.1. Concept. There are two major requirements for the viscoelastic measurements of molecularly thin liquid films under shearing motion. One is the sensitive detection of the shear force and the other is the precise control of the shearing gap width. The FWM concept meets both of these demands. We use an optical fiber with a spherical end as the shearing probe and set it to be perpendicular to the sample surface. During the shearing of the sample by the probe tip, the shear force acting on the tip can be measured by detecting the fiber deflection as shown schematically in Figure 1(a) . Since the rigidity of the probe in the axial direction is much higher than that in the bending direction, we can attain both a high shear force sensitivity and precise gap control.
In the dynamic viscoelastic measurements using the FWM, the probe was oscillated sinusoidally at a constant frequency and amplitude. The amplitude change and phase shift of the probe tip oscillation was measured, and these values were used to obtain the viscoelastic properties of the lubricant films. Since the size of the probe is typically a few millimeters in length and 100 μm in diameter (Figure 1(b) ), the natural frequency of the probe is higher than a few kilohertz. This means that dynamic measurements with frequencies of up to a few kilohertz can be achieved with the FWM. The spherical end of probe was made by laser melting and its root-mean-square roughness is typically around 0.2 nm.
Shear Force Measurement.
The shear force F acting on the probe tip can be estimated using the following equation [2] :
where η is the viscosity of the lubricant and U is the sliding speed. The parameter Ω is a geometrical parameter determined from the shape and gap of the two sliding surfaces. When a sphere of diameter d, which represents the probe tip, moves parallel to the plane surface with a gap h, Ω is written as:
The approximation holds when (1) and (2) gives an estimate of F to be on the order of 1 nN. Since the spring constant of the probe is around 10 N/m, we have to attain a sensitivity of 0.1 nm in the displacement measurement of the probe deflection. To meet this requirement, we developed an original method as shown in Figure 2 . We use the fiber as a lens to focus the laser onto a position sensitive detector (PSD). The laser beam is incident in a direction perpendicular to the plane of probe deflection. When the fiber is deflected, the laser spot on the PSD moves, and therefore, the amount of deflection can be obtained from the displacement of the laser spot. The sensitivity of the measurement strongly depends on the numerical aperture of the objective lens and the distance between the lens and probe. The optimal conditions were determined by a numerical calculation using a ray tracing method and experimentally verified. The details of the optical system design are described in [25] . Figure 3 shows the experimentally obtained relationship between the probe amplitude and signal-to-noise ratio. In the experiment, the probe was oscillated sinusoidally with the amplitude synchronously detected by a lock-in amplifier. The data represented by the circles, triangles, and squares correspond to numerical apertures of 0.3, 0.25, and 0.1, respectively. A least-squares method is used to fit the experimental data, and the results are shown as the straight lines. From the fitted functions, we determine the detection limit of the measurement to be the probe amplitude for a signal-tonoise ratio of 1. Consequently, the detection limits are 0.006, 0.007, and 0.01 nm for N = 0.3, 0.25, and 0.1, respectively. This corresponds to a shear force sensitivity on the order of 0.1 nN, and we can thus conclude that the sensitivity of the FWM is sufficient for the measurement of molecularly thin films.
Precise Control and Determination of the Gap Width.
The width of the shearing gap, which is the width of the gap between the probe tip and substrate, is controlled by a piezo stage on which the sample is mounted. Since the longitudinal rigidity of the probe is sufficiently high, the Advances in Tribology change in the gap width is equal to the displacement of the piezo stage. Therefore, we can control the gap width with the same resolution as that of the piezo stage, which is 0.1 nm. However, the absolute value of the gap width cannot be measured directly. Therefore, we determine the solid contact point experimentally, define it as the zero point of the gap width, and the shearing gap is determined by the displacement of the piezo stage from this point. Thus, the probe tip must make contact with the solid substrate at least once in the measurements. The basic experimental procedure in the FWM measurements is shown schematically in Figure 4 . In the initial state, the gap was set to be much larger than a nanometer-size gap, such as 1 μm, and the sinusoidal oscillation of the probe at a constant frequency and amplitude was started. The gap was then gradually decreased at a constant rate, which is typically a few nanometers per second. As the gap width decreased, we synchronously measured the amplitude and phase of the probe tip oscillation, detected by the optical method described in Section 2.2, using the lock-in amplifier. The measurement was stopped when solid contact occurred. According to the above procedure, the determination of the gap width depends on the sensitivity of the solid contact point detection. For this purpose, we developed an original technique that detects the excitation of the resonant oscillation of the shearing probe [26] . In the initial stage of solid contact, intermittent asperity contact occurs between two sliding surfaces owing to the surface roughness. The asperity contact causes an impulsive force to act on the probe tip and excites the resonant oscillation of the probe. We detect solid contact by monitoring the increase in the resonant oscillation amplitude. The frequency of the forced oscillation during lubricant shearing is much smaller than the natural frequency of the probe, and so two lock-in amplifiers can be used to measure the forced oscillation component and the resonant oscillation component separately in different frequency ranges. This technique enables us to define the solid contact point with an accuracy on the order of 0.1 nm. 
Viscoelastic Measurement with the Immersed System
The probe tip was immersed into a relatively thick lubricant film (e.g., 200 μm), and the gap was decreased to the nanometer scale [24, 27] . The lubricant film was confined in the nanometer-sized gap and its viscoelasticity was measured. In this immersed system, the gap between the two sliding surfaces is completely filled with the lubricant, and since the gap width varies with the radius of curvature of the probe tip, the obtained viscoelastic properties represent those of the average. However, since the shear force generated for the narrowest gap plays a dominant role in the measured mechanical response, we observe a strong dependency of the viscoelasticity on the gap variance when the lubricant is confined to the nanometer-sized gap. In immersed-system measurements, we can investigate the entire viscoelasticity transition process of confined lubricants as the gap changes from the micrometer to nanometer scale.
Materials and Method.
We used a magnetic disk as the solid substrate, and the top layer of the disk is a DLC overcoat with a surface roughness of 0.59 nm. As the lubricant, we used three different types of perfluoropolyether (PFPE) lubricants as listed in Table 1 . All have the same main chain structure but the end groups differ: Zdol2000 and Zdol4000 (with different molecular weights) have hydroxyl end groups on both sides of the main chain, making them polar lubricants, and both ends of the Z03 main chain are terminated by fluorine, which means that Z03 is a nonpolar lubricant. The difference in polarity affects the affinity to the magnetic disk surface. The polar end groups are strongly adsorbed onto the DLC surface and chemical bonding can be formed. Lubricant molecules that are chemically adsorbed on the disk surface are known as immobile molecules or bonded molecules and those that are physically adsorbed are known as mobile molecules. The number of bonded molecules can be controlled by annealing or UV treatment. We placed one drop of the lubricant on the disk surface and waited until the lubricant spread spontaneously over the surface and stabilized. The amount of liquid in the drop was controlled to produce a wet film with a thickness of around 200 μm. As mentioned in the previous section, since the mechanical response obtained during the shearing of lubricant is dominated by the lubricant confined in the narrowest gap, any variation in the immersion depth of the probe will have a negligible effect on the measurements. The sample was not annealed or UV treated.
A schematic diagram of the experimental setup is shown in Figure 5 . The piezo actuator was used to oscillate the probe, and the gap between the probe tip and sample was controlled by the piezo stage. The deflection signal from the PSD, a current signal, was converted to a voltage and amplified by the I-V converter. The amplified signal was divided into two lines; one line was detected by the lock-in amplifier that used the piezo actuator oscillation signal as a reference signal and its amplitude and phase were measured. The other line was detected by another lock-in amplifier to measure the amplitude of the resonant oscillation component for the solid contact point detection. The reference signal was generated by the function generator with a frequency equal to the natural frequency of the probe. These three measured values were simultaneously recorded on the computer via an analog-to-digital converter.
After the probe tip was immersed in the lubricant film and the shearing gap was set to around 1 μm, we started the probe oscillating at a frequency of 800 Hz and a peak-to-peak amplitude of 30 nm. The gap was decreased at a constant rate of 10 nm/s, and the amplitude and phase of the probe oscillation was measured until solid contact occurred.
Calculation of Viscoelasticity.
The mechanical model used to obtain the viscoelastic properties is shown in Figure 6 . The equation of motion is expressed as
where F 0 , ω, x, m, k, and c are the driving force, driving frequency, displacement, effective mass of the spherical tip, spring constant of the probe, and damping coefficient of the liquid lubricant, respectively. The solution for (3) is written as
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The driving force F 0 is obtained by substituting c = 0 and a = a 0 into (5), where a 0 represents the forced oscillation amplitude. The relationship between the damping coefficient and viscosity of the lubricant is expressed as follows:
Here, η eff represents the effective viscosity since lubricant confined in a nanometer-sized gap is expected to be nonNewtonian. In the immersed system, the sliding surfaces were assumed to be a sphere and plane with the sphere moving parallel to the plane surface. In this case, the geometric parameter Ω is given by (2) . In our discussion on viscoelastic properties, the effective viscosity η eff is represented by a complex function:
where η and η represent the viscosity and elasticity, respectively. From (3) to (8), we obtain η and η as follows:
In these equations, the amplitude a and phase shift δ are the measured values of the probe tip oscillation. The other parameters are known values from the experimental conditions and probe specifications. In all the samples, the viscosity rapidly increased as the gap was decreased to the nanometer scale. The maximum value of the viscosity was approximately several dozen times larger than the bulk-state viscosity (listed in Table 1 ). This is caused by the lack of molecular mobility in the nanometer-sized gap width.
In the bulk state, the Z03, Zdol2000, and Zdol4000 lubricants have no elastic properties. However, elasticity appeared for gaps of less than a few nanometers. In other words, the transition from a viscous liquid to a viscoelastic liquid occurred. The elasticity also increased monotonically as the gap decreased. In a narrow gap, the physically and chemically adsorbed molecules on both sides of the confining surfaces can interact with each other, and it is considered that the mobility of these adsorbed molecules was extremely suppressed and thus the lubricants exhibited elasticity. The elasticity appeared at different gap widths for each tested lubricant: widths of 6.5, 13.2, and 13.4 nm for Z03, Zdol2000, and Zdol4000, respectively. These differences are considered to be due to the higher affinity of the polar lubricants to the magnetic disk surface; the polar lubricants may have formed a thicker adsorption layer that led to the appearance of elasticity at a wider gap width.
Viscoelastic Measurement with the Thin-Film System
The FWM measurements were applied to thin lubricant films coated on magnetic disks as in the actual HDI [26, 28] . From the measured mechanical responses, we firstly discuss the deformation of the lubricant film caused by the approaching and separating probe tip, which imitates the touchdown and takeoff behavior in the HDI. Secondly, we discuss the effect of the bonding ratio on the viscoelasticity. Finally, the shear rate dependence of the viscosity is shown.
Materials and Method.
The Z03 and Zdol4000 lubricants, specified in Table 1 , and Ztetraol were coated onto a magnetic disk to form the samples. Ztetraol has the same main chain structure as Z03 and Zdol4000, though it has different end groups that are X = -CH(-OH)CH 2 OH. Since Ztetraol has two hydroxyl groups on each end of the main chain, it has higher affinity to the magnetic disk surface than Zdol4000. The lubricant films were formed by the dip-coating method. The disk coated with Zdol4000 was annealed, and samples that had different numbers of bonded molecules were prepared. The proportion of bonded molecules is represented by the bonding ratio b, which is defined by
Here, h is the film thickness and h b is the film thickness measured after the sample has been rinsed with solvent, which means h b is the thickness composed only of the remaining bonded molecules. The bonding ratio was measured after all the viscoelastic measurements were finished, and an ellipsometer was used to measure the film thickness. The samples are listed in Table 2 ; since Z03 does not form chemically bonded molecules, its bonding ratio is 0. The experimental procedure was similar to that of the immersed-system measurement; in this case, the amplitude change and phase shift of the probe tip oscillation were measured with decreasing gap rate of 3 nm/s. In the thin-film system, the probe does not make contact with the sample at the beginning of the measurement since the initial gap is set to be much larger than the film thickness. Therefore, the measured mechanical response is divided into three sequential stages: noncontact, lubricant shearing, and solid contact. We also measured the mechanical response as the gap was increased at a rate of 3 nm/s from the solid contact point. We call the former procedure the approaching process and the latter the separating process. The separating process follows the approaching process. In the separating process, the three sequential stages occur in reverse order. These two processes imitate the touchdown and takeoff behavior in the HDI. Although the approaching and separating speeds differ greatly from the actual speeds, we can observe fundamental phenomena. In all measurements, we used an optical fiber probe with a tip radius of curvature of around 8 μm.
Calculation of the Viscoelasticity.
To calculate η and η using (9), we need to determine Ω for this system. Since the gap width will be sufficiently smaller than the radius of curvature of the probe end, we can assume that the geometric configuration of the sliding surfaces is two flat plates moving parallel with a gap of h. In that case, Ω is obtained as follows:
where S represents the contact area between the probe end and lubricant film. It is, however, difficult to determine an accurate value for S experimentally in our setup, which is a major obstacle in obtaining the absolute values of the viscosity and elasticity coefficients from the measured experimental results in the thin-film system. Therefore, we used the relative viscosity ζ and elasticity ζ contributions, defined as follows, to discuss the viscoelastic properties [26] :
For a quantitative comparison, the damping coefficient c f and elastic coefficient k f of the samples can be obtained as follows [28] : Probe-substrate gap, h (nm) Normalized resonant component Phase shift, Figure 11 : Probe amplitude, phase shift, and normalized resonant component measured for (a) Z03 and (b) Zdol4000 with a bonding ratio of 0.2 in the separating process [26] .
tip first touches the lubricant film surface in the approaching process. The takeoff gap h f was defined by the gap width for which the probe tip and lubricant film came apart in the separating process. These touchdown and takeoff gaps represent the gap range for which the probe end shears the lubricant film, and they are not necessarily equal to the film thickness since the lubricant film can be deformed. In the approaching process, we determined h d by the gap width for which a decrease in the probe amplitude or an increase in the phase shift was first seen to exceed the noise levels of the measured signal. The h f gap was determined by the gap width for which both an increasing probe amplitude and decreasing phase shift first agreed in the range of noise levels with their average values measured when the probe and the sample were completely apart. The noise levels were obtained by calculating the threefold variance in the measured data for a time when the probe was not in contact with the sample. Typical experimental results from the approaching process are shown in Figures 10(a) and 10(b) for Z03 (b = 0) and Zdol4000 (b = 0.2), respectively. The results measured in the subsequent separating process are shown in Figures  11(a) and 11(b) . The touchdown and takeoff gaps are also indicated in Figures 10 and 11 . During the approaching process, we observed that a decrease in the probe amplitude and an increase in the phase shift started below a certain gap width. In contrast, the probe amplitude increased and the phase shift decreased during the separating process and reached constant values, which means that the probe end and the sample came apart. The changes in the probe amplitude and phase shift were caused by the viscoelastic force acting on the probe end during the lubricant shearing. The touchdown and takeoff gaps determined for each sample are summarized in Figure 12 . The oscillation amplitude was 50 nm (peak-topeak) and frequency was 1 kHz in all measurements.
While the touchdown gaps of the Zdol4000 and Ztetraol samples had almost the same value as the film thicknesses, that of Z03 was almost twice the film thickness. In the case of Z03, we consider that the intermolecular attraction from the approaching probe tip caused the lubricant film to deform and a liquid bridge to form between the solid surfaces. This results in the contact between the probe tip and lubricant film starting at a gap width larger than the thickness of the lubricant film. A liquid bridge is unlikely to have formed for the Zdol4000 and Ztetraol samples since the touchdown gaps were almost equal to the film thicknesses. We consider these results to be reasonable because the Zdol4000 and Ztetraol molecules could form more energetically stable films than those of Z03 due to the strong interaction of the polar end groups with the disk surface. Since the polar interaction with the disk surface can be much larger than the intermolecular interaction with the probe surface, the Zdol4000 molecules could not form a liquid bridge. The takeoff gaps were larger than the film thicknesses except in the case of Zdol4000 (b = 1.0) and Ztetraol. In addition, samples with a smaller bonding ratio showed larger takeoff gaps. The small bonding ratio means there is a large number of mobile molecules and therefore suggests that the mobile molecules aggregate near the probe tip during contact with the lubricant film; the increasing gap elongated the cluster to form a liquid bridge that was maintained at gap widths, which were more than a few times larger than the film thickness.
Nonuniformity of the lubricant film thickness can be a significant disturbance to the stable movement of the magnetic head. Our results above indicate that the intermolecular interaction with the approaching probe surface does not cause any deformation in polar lubricant films even if they contain mobile molecules. In contrast, once the probe touches the lubricant film surface the mobile molecules aggregate near the contact region and form a cluster. In future HDDs, frequent contact between the head and disk is expected, and thus we suppose that lubricant films with mobile molecules may not be applied for realizing precise control of the magnetic spacing in future HDI. In this case, optimization of the lubricant film design is expected to attain sufficient lubrication without mobile molecules.
Viscoelasticity.
We calculated the relative viscosity and elasticity for a gap width less than the touchdown gap in the approaching process and for a gap less than the takeoff gap in the separating process. Typical results for the Zdol400 (b = 0.2) sample are shown in Figures 13 and 14 , with the circles indicating the relative viscosity and the squares indicating the relative elasticity. The average values in the gap rage from 0 to 1.5 nm for all the samples are shown in Figure 15 . As shown in Figure 15 , the behavior of the Z03 (b = 0) sample was dominated by the viscosity in both the approaching and separating processes because the Z03 lubricant film is only composed of mobile molecules. The Zdol4000 samples in the approaching process showed a decrease in viscosity and an increase in elasticity with an increase in the bonding ratio. This indicates solidification of the lubricant film caused by an increase in the number of bonded molecules. A significant change in the viscoelastic properties in the approaching and separating processes was observed for the Zdol4000 samples with bonding ratios of 0.2. While the viscosity was smaller to the elasticity in the approaching process, it became prominent in the separation process. This is caused by the mobile molecules that aggregate around the probe tip. Ztetraol was elasticity dominant in both approaching and separating processes. Although its bonding ratio was 0.3, the viscoelasticity was qualitatively similar to that of Zdol4000 (b = 1.0). Under the sliding condition in this study, the mobile molecules of Ztetraol may behave the same as the bonded ones of Zdol4000. If they are tested under the higher sliding speed, results may be different. This must be one of our future studies. From the results summarized in Figure 15 , we can conclude that our method reveals the strong dependence of the viscoelasticity on the lubricant affinity to the disk surface. In addition, the viscoelastic response can be altered locally due to the behavior of mobile molecules.
Shear Thinning Behavior.
To reveal the shear rate dependence of the viscoelasticity, we conducted measurements at different oscillating amplitudes of 50, 25, 17.5, 10, and 5 nm [28] . The oscillation frequency was fixed at 1 kHz in all of the experiments. The corresponding shear rate ranged from 10 2 to 10 6 s −1 . We used a magnetic disk coated with a 2.0 nm thick Z03 film. We calculated the damping coefficient c f and elastic coefficient k f from the measured probe amplitude and phase shift by using (13) . Since the sample was Z03, which is viscosity dominant, the elasticity k f was quite small and comparable to the noise level. Therefore, at this point, we are not able to discuss the share rate dependence of k f . The shear rate dependence of c f is shown in Figure 16 on a log-log plot. Plots are shown for shearing gaps of 0.2, 1.0, 2.0, and 3.0 nm in the approaching process. The shear rates are calculated from the gap widths and maximum shearing speed, which were determined by the oscillation frequency and amplitude. As shown in Figure 16 , c f decreased exponentially with increasing shear rate. This phenomenon is generally known as shear thinning, and the behavior is well expressed by the empirical power law log c f = −α log γ + β,
where α and β are fitting parameters and γ represents the shear rate. This is shown by the dashed lines in Figure 16 . The shear rate dependence of c f is well represented by the empirical power law. Such a shear rate dependence has not been observed for thicker Z03 films [29] , and we therefore consider the shear thinning to be unique to the nanometerthick film.
Conclusion
We developed the fiber wobbling method (FWM) for dynamic viscoelastic measurements of molecularly thin lubricant films coated on magnetic disk surfaces. The FWM enables us to measure the shear force with a sensitivity of 0.1 nN and control the shearing gap with a resolution on the order of 0.1 nm, both of which are requirements for molecularly thin-film measurements. We revealed in measurements using the immersed system that lubricants confined in a nanometer-sized gap width had an enhanced viscosity that was several dozen times larger than the bulk viscosity. In addition, the elasticity, which is not observed in the bulk state, appeared at gaps of less than a few nanometers. The appearance of elasticity is considered to be due to the interaction between the adsorbed layers formed on both solid surfaces.
In the thin-film system, we succeeded in measuring the viscosity and elasticity of molecularly thin films and observed a strong dependence of the viscoelasticity on the bonding ratio. In addition, we found that shear thinning caused a decrease in the viscosity as the shear rate increased. Shearthinning viscosity decrease is the opposite effect of the confinement-induced viscosity increase. Therefore, both the shearing gap and shear rate must be considered carefully to predict the friction force acting on the head during contact with the disk surface. The bonding ratio and type of lubricant will also affect the friction force. How these factors define the mechanical properties of the lubricant films must be clarified for the optimal design of future HDI. So far, the FWM has two major drawbacks. One is that the shearing speed is much slower than that in an actual HDI, and the other is that we cannot determine the contact area between the probe tip and lubricant films in the thin-film system, which is the biggest obstacle for a quantitative evaluation of the viscoelasticity. In our recent work, we succeeded in taking high-speed measurements using the resonant oscillation of the probe [30] . Additionally, observation of the contact area in the FWM measurements is one of our ongoing projects, and the first report will appear elsewhere. We believe that the FWM will be a promising and powerful method for improving our understanding of the basic phenomena concerning HDI lubrication.
